and η) of DSC based on rutile and anatase TiO 2 films will be compared with TiO 2 nanoporous, nanoholes, nanotube array films based DSC.
Introduction
In recent years, metal oxide materials such as TiO 2 and ZnO thin films have been extensively studied for various applications such as solar cells, gas sensors and protective coating [1] [2] . Among them, TiO 2 is a very suitable oxide material for dye-sensitized solar cell (DSC) applications, because of its extraordinary oxidizing ability of photogenerated holes. TiO 2 thin films are prepared by various preparation methods, but the efficiency of the DSC solar cell is strongly enhanced by the increased dye absorption capacity of the photoelectrode. The most important factors which strongly affect the device performance are series resistance, charge carrier-recombination, electron injection from a photoexcited dye into the conduction band of an oxide semiconductor and hole transportation to the counter. Adachi et al. [3] reported that the dye absorption capacity of TiO 2 nanowires was about 4-5 times higher than that of P25 film, which is made of TiO 2 nanoparticles. It means that the electron collection efficiency in P25 film is lower than that of TiO 2 nanowires. The electron collection efficiency is determined by trapping/detrapping events along the site of the electron traps (grain boundaries and defects). All these problems can be resolved using nanostructured TiO 2 films such as nanoholes, nanotubes, nanorods and nanowires. Nanostructured TiO 2 thin films have been prepared by sol-gel, anodization and hydrothermal methods [1, 4] . Very suitable methods to prepare the TiO 2 nanorod and nanotube are hydrothermal and electrochemical anodization. In the present work, TiO 2 nanowires, nanorods, nanoporous and nanotubes were prepared using hydrothermal and anodization methods. In this paper, we report the surface morphological, optical, structural and electrical properties of TiO 2 nanowires, nanorods, nanoporous and nanotubes. The fabrication procedure of dye-sensitized solar cells and the factors which affect the device performance will be discussed. Finally, photovoltaic parameters (I sc , V oc , FF Figure 1 shows the XRD patterns of TiO 2 films prepared using different volumes of HCl. A very strong rutile peak is observed at 2θ of 27.37°, assigned to (110) plane (see Fig.1 ). Other and 68.91° (301). The (110) peak intensity increases as the volume of HCl is increased from 15 to 23 ml. The positions of all diffraction peaks correspond to rutile TiO 2 and they coincide well with the reported value [6] . However, a weak anatase peak is observed at 2θ of 25.46°, assigned to (101) plane. The TiO 2 sample (H.T-2) is annealed in air at 450°C for 30 min and the XRD pattern of annealed TiO 2 sample is shown in Figure 1(d) . The position of these diffraction peaks is the same as those observed in Fig.1 (b) . However, the relative intensity of these diffraction peaks increases after annealing at 450°C. This result shows that the increase in HCl volume enhances the growth of the films along (110) direction. This result agrees well with the previous result reported by Wu et al. [7] . Meanwhile, TiO 2 nanorods did not grow on the substrate surface when the volume of HCl is either increased from 23 to 30 ml or decreased from 15 to 10 ml. These data of 10 and 30 ml are not shown in Fig.1 . This is attributed that the moderate hydrolysis of titanium n-butoxide (TNB) is important to grow the growth oriented TiO 2 nanorods. . This is attributed that if there is no lattice match between the TiO 2 film and substrate, the TiO 2 firstly nucleated as islands and then nanowires grow from these islands to form dandelion-like morphologies (see the Fig.2d ). SEM images of as-prepared TiO 2 films are shown in Fig. 3 which is prepared by adding HCl volume of 20 ml in the reaction solution. At low and high magnifications (Figs. 3A and B), the whole surface is composed of flower-like structures, which are composed of nanorods and nanorod bundles (see Fig.3C ). The nanorod size is in the range of 150-200 nm (Fig.3D ). The as-prepared sample is then annealed at 450°C for 30 min in order to check the robustness of the morphology of the TiO 2 nanorod arrays. The low and high magnification SEM images of annealed TiO 2 films are shown in Figs. 4A and B, respectively. Upon annealing at 450°C, the nanorod array remains unchanged, but the size of the nanorod and nanorod bundles increase after annealing at 450°C (see Fig.4C ). After annealing, the size of the nanorod is in the range of 200-300 nm (Fig. 4D ). It is apparent that the conversion of nanostructure from nanowires to nanorods is realized by increasing the volume of HCl in the synthesis solution. TiO 2 nanorods did not grow on glass substrates. It seems that the nucleation and growth of the crystals could be promoted by ITO. Figure 5 shows the photocurrent density-voltage characteristics of DSC based on TiO 2 nanowire, nanorod and P25 films. The photovoltaic parameters are given in Table 1 . The short-circuit current density and fill factor of nanowire based DSC is higher than that of nanorod based DSC. The optical absorption study shows that the dye absorption capacity of TiO 2 nanowire is much better than that of TiO 2 nanorods (Figure not shown). As a result, the power conversion efficiency of nanowire based DSC is higher that of nanorod based DSC. However, the power conversion efficiency of rutile TiO 2 based DSC is lower than that of anatase TiO 2 (P25) nanoparticles based DSC. Similar results have been observed by Lin et al. [8] . The power conversion efficiency could also be increased by increasing the TiO 2 film thickness [9] .
Preparation and Characterization of Nanostructured TiO 2 Thin Films by Hydrothermal and Anodization Methods http://dx.doi.org/10.5772/51254 In the above section; effect of HCl concentration on growth rate, surface morphological and structural properties of TiO 2 films is studied. In this section, effect of reaction temperature on the surface morphological and structural properties of TiO 2 films is studied. Figure 6 shows the XRD patterns of TiO 2 films prepared at various reaction temperatures (120 and Figure 6b shows the XRD patterns of TiO 2 film prepared at a reaction temperature of 160°C. The XRD intensity of rutile peaks increases as the reaction temperature is increased from 120 to 160°C. This is attributed to the solid state phase transformation [10] . Fig.8b) . At TNB volume of 1 ml ( Fig.8c ), two anatase peaks are observed at 25.16° (101) and 53.81° (105). The anatase peak (101) intensity increases as the volume of TNB is increased from 0.5 to 1.0 ml. TiO 2 is grown as a mixture of anatase and rutile, but the rutile phase is dominant with peaks arising from the (110), (101) and (111) planes. The fraction of anatase can be calculated from the following relation [11] f a = (1+1. 26 I r I a ) −1 (1) where I a and I r are the peak intensities of the strongest (101) and (110) reflections of anatase (I a ) and rutile (I r ), respectively. The variations of anatase fractions is shown in Table 2 . Note: TNB -titanium butoxide; HCl-Hydrochloric acid; DI-deionized water; I 101 -XRD intensity of (101) plane; I 110 -XRD intensity of (110) plane; f a -anatase fraction ratio; β 110 -FWHM of (110) plane; a 110 -lattice constant. As shown in Table 2 , the fraction of anatase phase increases as the TNB volume is increased from 0.5 to 1.0 ml. It is clear that the phase transformation occurs more easily at low volume of TNB [10] . The lattice constant of TiO 2 films (Table 2 ) is greater than that of bulk TiO 2 (4.59 Å) [12] ; it is due to the internal stress in the film. The stress in the film is also calculated [5] and is given in Table 2 ; it shows that all the TiO 2 films prepared under the above mentioned deposition conditions are under tensile stress ( Table 2 ). Surface morphologies of TiO 2 films prepared using different volume of TNB are shown in Fig. 9 . SEM images of TiO 2 films prepared under the above mentioned preparation conditions show similar surface morphology. The diameter of the TiO 2 nanorod prepared at 0.5 ml of TNB volume is calculated as 340 nm. The diameter of TiO 2 nanorod is calculated as 240 and 205 nm for 0.75 and 1.0 ml of TNB, respectively. Figure 11 shows the surface morphologies of nanoporous TiO 2 films prepared at various volumes of HNO 3 . Here the volume of DI and TNB were fixed at 45 and 1 ml, respectively. SEM images clearly show the formation of nanoporous TiO 2 films on ITO coated glass substrates. For DSC applications, the TiO 2 coated ITO sample was annealed at 270°C for 1 h under a vacuum of 90 kPa. The nanoporous TiO 2 film thicknesses are calculated as ~3 and 3.2 μm for HNO 3 volume of 5 and 10 ml. Finally, the TiO 2 electrodes were immersed into the ethanol solution containing N-719 dye. Then the dye-anchored TiO 2 electrodes were rinsed with ethanol solution and then dried in air. Figure 12 shows the photocurrent density-voltage characteristics of DSC based on nanoporous TiO 2 /ITO. The short circuit density of TiO 2 electrode based DSC increases from 4.02 to 5.9 mA/cm 2 as the nanoporous TiO 2 film thickness is increased from 3 to 3.2 μm. The fill factor and power conversion efficiency also increase with increasing nanoporous TiO 2 film thickness (see Table 3 ). 
Photoelectrode

Preparation and characterization of TiO 2 thin films by electrochemical anodization method
Nanocrystalline ITO thin films were deposited on glass substrates by ion beam sputter deposition method at room temperature. The applied acceleration voltage was 2500 V. The sputtering process was performed in 3%O 2 + Ar gas. The gas flow rate was controlled by mass flow meter. Ti thin films were deposited on ITO coated glass substrate by ion beam sputter deposition method at room temperature. The acceleration voltage supplied to the main gun was fixed at 2500 V. Pure Ar was employed as the sputtering gas. The electrochemical anodization was performed in 1M H 2 SO 4 +0.15 wt. % HF at an applied potential of 10 V for different anodization time (30, 60 and 120 min). Nanostructured TiO 2 films were formed by anodization using a two-electrode configuration with Ti film as an anode and platinum electrode as a cathode. The anodized Ti sample was then annealed in air at 450°C for an hour. Figure 13 shows the top-view SEM images of anodized Ti films in H 2 SO 4 /HF electrolytes at an applied potential of 10 V for anodization time of 30 min (Fig.13a ) and 60 min (Fig.13b ),
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respectively. It can be seen that TiO 2 nanoporous were formed when the anodization time was fixed at 30 min (see Fig.13a ). When the anodization time was increased to 60 min, highly ordered TiO 2 nanoporous arrays were formed (see Fig.13b ). Similar results have been observed by Huang et al. [13] . Generally, the formation mechanism of the TiO 2 nanoporous arrays is proposed as two competitive processes; electrochemical oxidation and chemical dissolution. From these results, we observed that no TiO 2 nanotubes, but TiO 2 nanoporous were formed at the anodization time of 60 min. It shows that the TiO 2 porous layer is easily formed during the short-time of anodization. TiO 2 nanotube arrays can also be prepared on the Ti film surface, but this can be accomplished by increasing the anodization time; this is due to the high chemical dissolution at the inter-pore region (see Fig.14c& d) . Because of the limitation of Ti film thickness, Ti metal was used in order to check this effect. Figure 15 shows surface morphology of anodized Ti plate for 120 min. It can be seen that the pore growth and formation on the Ti surface were uniformly distributed (Fig. 15a ). It clearly shows the formation of pore growth and small opening at the inter-pore region (Fig. 15b ). Similar results have been observed by Yang et al. [14] and Kaneco et al. [15] . Figure 14c can be correlated with Fig.15b . These results clearly show that high dissolution rate at the interpore region is very important in order to get the ordered nanotube arrays (see Fig. 14d ). Figure 16 shows the current density-time transient curve recorded during the anodization of Ti sample at an applied potential of 10 V for 30 min. Initially, the current density gradually increases (see inset of Fig.16 ) because of the electrochemical treatment which consists of a potential ramp from 0 to 10V with a sweep rate of 50 mV/sec followed by a constant potential at 10 V for 30 min. Once the oxide layer is formed, the impedance between the electrodes increases; which results in a drastically reduced current between the electrodes. Furthermore, there is no change in impedance. Figure 17 shows the optical transmittance spectrum of titania films after annealing at 450°C for an hour. The optical transmittance of annealed nanoporous TiO 2 film in the visible range is estimated as 60%. The thickness of nanoporous TiO 2 film can be calculated from the following relation:
where n (λ 1 ) and n(λ 2 ) are the refractive indices of the two adjacent maxima (or minima) at λ 1 and λ 2 . The film thickness of TiO 2 is calculated as 250 nm. The relation between absorption coefficient α and incident photon energy hν can be written as [16] .
for a direct allowed transition, where C is constant and E g d is direct band gap. The plot of hν vs. (αhν) 2 is shown in Fig.18 . The optical band gap is calculated as 3.25 eV. The optical band gap of nanoporous TiO 2 film is little bit greater than that of bulk anatase TiO 2 (3.2 eV). Similar band tail (2.66 eV) at the low energy side has been observed by Mor et al. [17] . The refractive index Preparation and Characterization of Nanostructured TiO 2 Thin Films by Hydrothermal and Anodization Methods http://dx.doi.org/10.5772/51254 was calculated from the measured transmittance spectrum. Figure 19 shows the variation refractive index versus wavelength of nanoporous TiO 2 film after annealing at 450°C for an hour. It shows that the refractive index gradually decreases with increasing wavelength. The porosity of nanoporous TiO 2 films can be calculated from the following relation [17] Porosity
where n and n d are the refractive indices of the nanoporous film (2.2) and non-porous anatase film (2.5), respectively. The porosity of nanoporous structure is calculated as 27 %. [14] . The short-circuit current density of device-2 is higher than that of device-1. SEM images (T-1 and T-2) show that the TiO 2 films have different surface morphology; due to this, the DSC devices show difference in performance; because the amount of dye adsorption can be increased by large internal surface area of the films. The fill factor and open circuit voltage of device-1 are higher than that of device-2. It shows that the fill factor can be affected by resistance of the substrate and quality of the counter electrode. In the present work, Pt coated ITO films were used as counter electrodes. The low value of fill factor is attributed to large large value of series resistance at the interface between TiO 2 and ITO films. Figure 21 shows the dark and photocurrent density-voltage characteristics of TiO 2 /Ti plate. The power conversion efficiency of device-3 is estimated as 0.01% (see Table 4 ). This result agrees well with the previous results reported by Ok et al. [18] . The power conversion efficiency of device-3 is much lower than that of device-1 and device-2 (see Table 4 ). Particularly, the short-circuit current for device-3 is much lower than that of device-1 and 2. It is attributed that the backside illumination affects the light absorption capacity of the dyes, because the I 3 -electrolyte cuts the incident light in the wavelength range from 400 -650 nm. But the fill factor for device-3 is higher than that of device-1 and device-2. It shows that the high value of FF is attributed to the small value of series resistance at TiO 2 /substrate interface. Figure 22 shows surface morphologies of anodized Ti foil. It clearly shows the formation of well ordered TiO 2 nanotube arrays on Ti foil (Fig. 22a) . At the bottom, the nanotubes are closely packed together (Fig. 22b) . The diameter and wall thickness of TiO 2 nanotube arrays are calculated as 45 nm and 25 nm, respectively. The length of TiO 2 nanotube arrays is estimated as 4.5 μm (Fig. 22c) . The side-view of the tube layer ( Fig. 22d) reflects an uneven morphology. Figure 23 shows the XRD patterns of anodized Ti foil before and after annealing. In Fig. 23a , the XRD peaks at 35.3, 38.64, 40.4, 53.2 and 63.18 correspond to Ti. This is attributed that the as-prepared TiO 2 is amorphous before annealing; only Ti peaks are seen (Fig. 23a) . In order to change the amorphous TiO 2 into anatase TiO 2 , anodized Ti sample was annealed in air at 400°C for an hour. After annealing, the amorphous TiO 2 has been changed into crystalline with a more preferred orientation along (101) direction. been observed by Tao et al. [19] . This result shows that the main factor responsible for enhancement of short circuit current is improvement of electron transport and electron lifetime in TiO 2 nanotube arrays. This increased light-harvesting efficiency in TiO 2 nanotube-based DSC could be a result of stronger light scattering effects that leads to significantly higher charge collection efficiencies of nanotube-based DSC. 
Conclusions
TiO 2 nanowires, nanorods and nanoporous films were successfully prepared using hydrothermal method. The nanorod size increased as the volume of HCl in the reaction solution was increased. Annealing at 450°C for 30 min produced no substantial change in the structure. A rutile to anatase phase transition was observed when the TNB volume increased from 0.5 to 1.0 ml. From the XRD patterns, no rutile structure peaks was detected for the films grown in HNO 3 medium. In this case, anatase was the dominant phase. XRD clearly showed that the crystal quality and orientation of final products were strongly dependent on the experimental parameters, such as volume of TNB, HCl and HNO 3 solution and the reaction temperature. The shape and size of the nanowires and nanorods could be perfectly generated by controlling the volume of HCl and the annealing temperature. Photovoltaic parameters showed that the power conversion efficiency of DSC based on anatase TiO 2 was higher than that of rutile TiO 2 based DSC. TiO 2 nanoporous, nanoholes and nanotubes were successfully fabricated by anodization method. The power conversion efficiency of TiO 2 nanoporous and nanotube arrays based DSC was higher than of TiO 2 nanohole based DSC. The device performance of nanoporous TiO 2 films prepared on transparent conducting substrate was higher than that of TiO 2 nanoholes on Ti plate. The front-side illumination was very suitable in increasing the light harvesting efficiency of the solar cell device.
